Background: Electrophysiological recording from the extrastriate cortex of nonhuman primates has revealed neurons that have large receptive fields and are sensitive to various components of object or self movement, such as translations, rotations and expansion/contractions. If these mechanisms exist in human vision, they might be susceptible to adaptation that generates motion aftereffects (MAEs). Indeed, it might be possible to adapt the mechanism in one part of the visual field and reveal what we term a 'phantom MAE' in another part.
Background
Studies of single cell properties in the primate visual cortex have identified several areas that appear to be involved in the analysis of the pattern of movement on the retina caused by object or observer motion [1, 2] . One area, the dorsal section of the medial superior temporal area (MSTd), contains cells that have large receptive fields, many of which respond to stimuli that have translational, rotary or radial components, or some combination of the three [3] [4] [5] [6] [7] . In this paper, we present psychophysical evidence for neurons with similar response properties in humans.
We have made use of the well established phenomenon in which, after prolonged viewing of a pattern moving in a particular direction, a stationary pattern appears to have an illusory motion in the opposite direction -the motion aftereffect (MAE). This seems explicable in terms of motion detectors. Let us imagine that detectors sensitive to motions in opposite directions have mutually inhibitory connections that are normally equal in magnitude. If prolonged exposure to motion in a particular direction were to fatigue neurons sensitive to that direction, on presentation of the stationary pattern there might be an imbalance of activity in favour of the opposite direction [8] . Such an imbalance would normally be caused by viewing motion in this opposite direction, so the 'brain' interprets the signals as indicating the presence of such movement in the outside world. Such a scheme was proposed many years ago [9] and has been modified to include all relative directions of motion, rather than merely opposing ones [10] [11] [12] .
This theory predicts the MAE to occur at the same retinal site as where adaptation takes place, and not across the whole of the visual field (as one might predict if the MAE were due to eye movement fatigue [13] ). This has been confirmed in some experimental situations [14] [15] [16] where the MAE has been shown to be confined to the area of adaptation and a little beyond. However, let us consider the implications of the type of motion-detecting neuron described above that has a very large receptive field. It should be possible to produce a stimulus that is considerably smaller than the receptive field and yet still produce a strong response in such a cell (indeed there is physiological evidence that small stimuli [6] or stimuli with parts removed [17] can be very effective in exciting these neurons). Now, if this cell adapts to such a stimulus, the results of such adaptation might be observable at all points within its receptive field, rather than merely in the actual area that was adapted. We have used this logic in the psychophysical experiments reported below. We allowed our subjects to adapt to a pattern of motion contained within two quarter segments of a circle (Figure 1) , and then tested for the presence of MAEs in either the same two segments -'concrete MAEs' -or in the two segments that were not adapted -'phantom MAEs'.
Previous researchers have explored similar ideas. Bonnet and Pouthas [18] studied adaptation to segments of a rotating spiral, and found that the MAE when tested with a whole spiral was not confined to the adapting area but, after a short while, could spread to the non-adapted parts. If these segments were presented in isolation, however, no such spreading was seen. Weisstein et al. [19] showed that the moving 'phantoms' induced between two vertical gratings moving in unison could also induce a MAE in the area that contained the phantom grating. Hence it appears that, under some circumstances, a MAE can be induced in a portion of the retinal field that was not previously adapted.
There are, however, some problems in the interpretation of these previous results. In the study of Weisstein et al. [19] , the adapting pattern itself induced an illusory grating over the site that was to be tested. If this illusory grating were to be produced at a site in the brain earlier than that of the MAE, then it may well produce its own MAE. In the study of Bonnet and Pouthas [18] , the test stimulus had to impinge on the adapted site, as well as the unadapted site, for the phantom MAE to occur. It is possible, therefore, that the MAE only really occurred within the area of retinal adaptation but that this MAE then 'captured' the other moving elements [20, 21] .
To provide firmer evidence for the complex motion detectors described above, it should be possible to induce a MAE in a region not exposed to any adapting stimulus, real or illusory, and where the test stimulus, again real or illusory, is confined to the unadapted area. Reports of such findings are, however, very rare, though one short article [22] has reported that adaptation to half a spiral, let us say the upper half, in rotary motion induces a 'phantom' MAE that appears to contract and move upward.
A recent development in the measurement of MAEs has been the use of dynamic visual noise (DVN). Several authors have claimed that the MAEs seen when viewing a dynamic test pattern are somewhat different to those seen when viewing the more traditional static test pattern [23] [24] [25] [26] [27] . DVN can also be altered so that some percentage of the dots move in one particular direction, and thresholds for detecting this direction measured [28, 29] . Such a manipulation can also be used to nullify a MAE, and the strength of the required nullifying signal taken as a measure of the strength of the MAE [30] [31] [32] [33] . We have 
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Schematic illustration of the stimuli used in our experiments. (a) A pattern used in the adaptation phase -one undergoing a clockwise motion is illustrated. Note that, whilst each element moves with a linear motion, the direction of movement (depicted by the direction of the arrow) and speed (depicted by the length of the arrow) vary so as to used this technique as a way of quantifying and exploring 'phantom' MAEs and comparing them to 'concrete' MAEs.
Results and discussion
Rotary motion
Subjects were presented with test patterns that simulated either clockwise or anticlockwise motion with various signal levels, and reported which they believed took place. Three conditions were tested: a baseline condition, where no adapting pattern was presented; concrete adaptation, where the adapting and test patterns were on same retinal area; and phantom adaptation, where the adapting and test patterns were on different areas ( Figure 1 ). The results for one observer are shown in Figure 2 , where the probability of choosing the adapting direction is plotted as a function of the signal level for the three conditions. The data for each condition were fitted with the psychometric function:
In this function, the term σ represents the signal presented. The term θ governs the positioning of the function on the abscissa, and indicates the signal level at which the subject reported the adapting direction with a probability of 0.5 -this is often termed the point of subjective equality (PSE) and therefore represents the subject's bias. The term β represents the slope of the function and is indicative of the subject's sensitivity [34] .
In our initial analysis, we allowed both θ and β to vary in fitting the function to our results, and found the fits to be excellent (0.94 < r < 0.99). For each subject, we found that the slope parameter β did not vary much in each condition, and any variations with adaptation were not systematic. This was true for all the experiments to be reported, though
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Figure 2
The probability of choosing the 'adapted' direction is plotted as a function of signal strength after no adaptation (red symbols), concrete adaptation (blue symbols) or phantom adaptation (green symbols). The observer is MR. The curves are least squared error of the function shown in equation (1), with β set at 0.15. β did vary across experiments and across subjects. The data could therefore be well fitted for each experiment and each observer with only one free parameter (θ). The value of β was chosen to be the average value of β from the initial fits (separately for each subject in each experiment). The values used and fits obtained are given in Table 1 , and are illustrated on the graph as the smooth curves ( Figure 2 ). As can be seen, the fits were very good even with only one free parameter (see Table 1 for details). Hence, it appears that the effect of adaptation can be simply described as a change in the PSE (parameter θ) without any strong concomitant change in sensitivity (parameter β). The PSEs for three observers are illustrated in Figure 3a .
For the baseline condition, the function's PSE is approximately 0, indicating little bias. After adapting to the 'concrete' pattern, the psychometric function is shifted so that it now requires more signal in the adapting direction for the subject to perceive this direction. A similar result is also produced after adaptation in the phantom position, except that the size of the shift is smaller. It should, however, be noted that, although the shift is smaller, it is highly significant. Thus, this objective method clearly demonstrates the presence of both a concrete and phantom MAE for rotary (curl) motion. This objective measure was also complemented by more casual observations, where subjects merely observed a stationary pattern in the concrete or phantom positions after having observed the adapting pattern for a minute or so. All observers reported seeing this 'conventional' MAE in both positions.
Expansion/contraction motion
This experiment was conceptually the same as the previous one, but the motions used were expansion/contractions rather than rotations. The results were similar to those with the rotary motion in showing that adaptation changed the PSE (see Figure 3b ) without any systematic changes in sensitivity. Again, all subjects also reported seeing a conventional MAE in both concrete and phantom conditions.
Translational motion
Again, this experiment was conceptually the same as the previous ones but the motions used were translations (up and down). The speed of the translation was chosen after pilot experiments that attempted to get an approximate perceptual match between the rotational motion and the translational one. Again, adaptation changed the PSE (see Figure 3c ) without any systematic change in sensitivity. However, the phantom MAE was quite weak for one of the observers (RS), though statistically reliable. And as in the other experiments, all subjects also reported seeing a conventional MAE in both concrete and phantom conditions.
Rotational motion from opposite translations
We predicted the phenomenon of the phantom MAE from the properties of MSTd neurons -that they have large receptive fields, and different neurons have preferences for different types of motion. One other notable feature is that this selectivity seems to be governed by the direction of movement of the elements within the stimulating pattern, rather than speed gradients or the local 720 Current Biology, Vol 7 No 10
Figure 3
The PSE -parameter θ from equation (1) change in the direction of particular elements [17] . Thus, these neurons can be driven by a very impoverished version of their preferred motion.
We therefore performed an experiment in which we simulated a clockwise rotation by simply presenting upward translational motion in the left segment and downward translational motion in the right segment (anticlockwise motion was simulated by the opposite relationships). The test patterns also contained only translational motions in an analogous manner. The results (Figure 3d ) resemble those with more 'realistic' rotary motion (Figure 3a) , except that the effects are a little smaller. Once again, all subjects also reported seeing a conventional MAE in both concrete and phantom conditions.
In all four experiments, we have obtained evidence for phantom MAEs. One might argue that the effects may be due to 'normal' translational MAEs [35] , and that these can spread beyond the adapting area. Similarly, spreading may have occurred because our subjects failed to fixate as rigorously as they were urged to do. However, consider in particular experiment 4. We would like to emphasize that, under the phantom conditions, the subjects adapted to motion that contained only upward and downward translational motion, yet the MAE they experienced was manifest as an illusory motion that was rotating and could be nullified by purely leftward and rightward motion! Thus, the present results cannot be explained by the mere spreading of a simple translational MAE or by inaccurate fixation.
Conclusions
We believe that the phantom MAEs that we have described constitute strong evidence for the existence of detectors that specifically encode wide-field motions, supporting previously reported psychophysical evidence [33, 36, 37] as well as direct measurements from the human brain [38] . We have provided evidence for three such wide-field detectors, tuned for translational, rotational or divergent (expansion/contraction) motion.
Materials and methods
Stimuli
Dynamic random dot patterns were produced with the aim of eliminating any non-motion cues to the direction of global motion. Detailed descriptions have been published previously [33] . In brief, random dot kinematograms consisted of 400 dark dots (1 cd/m 2 ) on a light background (30 cd/m 2 ) contained within a circular aperture of diameter 5 deg. The 'segments' were produced by setting elements that fell outside the designated area at the background luminance. Test sequences were of 30 frames (0.5 sec) duration, though each individual dot only lasted for 5 frames (83 msec) before being randomly replotted elsewhere (this also applies to the adapting pattern). The speed of dots in experiments 1 and 2 was 2r deg/sec, where r is the distance of the dot from the centre of the field in cm. The speed of the linear motion was chosen to be an approximate perceptual match to the complex motions (2.4 deg/sec).
To measure motion thresholds for our test stimuli, we used the technique of assigning a percentage of the elements to the simulated motion (termed 'signal') and the rest of the elements to be 'noise' [28, 29] . The noise was produced by changing the direction of movement of these elements (randomly chosen over 360 deg), whilst maintaining the same speed (see Figure 1) . We refer to these patterns by the level of signal.
Procedure
The subjects sat 57 cm from the screen and viewed binocularly with natural pupils. Before any experimental data were taken, they were shown examples of the types of motion that they had to discriminate. The procedures were explained to them (where appropriate) and the need for strict fixation was emphasized.
The adapting sequences consisted of patterns with 100% signal presented for an initial period of 60 sec, and a top-up between tests of 4 sec. Baseline measurements were also taken where no adapting pattern was presented.
Each test trial consisted of the presentation of a single pattern of 0.5 sec duration. The subjects gave a two-alternate forced-choice judgement as to the direction of motion (experiment 1 and 4, clockwise versus anticlockwise; experiment 2, expansion versus contraction; experiment 3, up versus down). On each block of trials, a number of signal levels were chosen and presented 10 times each in a random order. To avoid any build-up of adaptation or overall biases as to which motion occurred, each subject was adapted to two blocks from each direction (for example, in experiment 1, two blocks with the clockwise pattern and two blocks with the anticlockwise pattern). In a block of trials, a range of signal levels would be presented ranging from 96% signal in one direction (for example, clockwise) through 0% signal to 96% signal in the opposite direction (for example, anticlockwise). The response to each signal level was noted, and these data were rescored so that, instead of representing 'clockwise' or 'anticlockwise', they represented the 'adapted direction' and the 'opposite direction'. The same manipulation was also applied to the baseline condition (where blocks 1 and 3 were arbitarily termed 'clockwise', and 2 and 4 'anticlockwise'). Thus, each data point is a percentage of 'adapted direction' responses taken from 40 trials (20 with adapting pattern in one direction and 20 in the opposite direction).
Analysis
For each subject, the probability of a particular response was calculated for each signal level in each condition and the maximum likelihood fit to equation 1 was obtained using a SIMPLEX algorithm. For the parameter θ, the 95% confidence interval was calculated [34] to determine which conditions differed significantly from 0; those that do are indicated by asterisks in Figure 3 .
Subjects
In total, three subjects participated in these experiments -two females, naive as to the aims of these experiments, and one of the authors. Optical correction was worn where necessary.
Supplementary information
A demonstration of the 'phantom motion aftereffects' described here is available with the internet version of this paper or at R.J.S.'s homepage http://www.cf.ac.uk/uwc/psych/snowden.
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